Electrodynamical processes induced in complex systems like semiconductors by strong electromagnetic fields have traditionally been described using semiclassical approaches. Although these approaches allowed the investigation of ultrafast dynamics in solids culminating in multipetahertz electronics, they do not provide any access to the quantum-optical nature of the interaction, as they treat the driving field classically and unaffected by the interaction. Here, using a full quantum-optical approach, we demonstrate that the subcycle electronic response in a strongly driven semiconductor crystal is imprinted in the quantum state of the driving field resulting in nonclassical light states carrying the information of the interaction. This vital step towards strong-field ultrafast quantum electrodynamics unravels information inaccessible by conventional approaches and leads to the development of a new class of nonclassical light sources. DOI: 10.1103/PhysRevLett.122.193602 Over the past decades, semiconductor quantum optics [1] has led to fascinating discoveries in the field of quantum technology [2] with nonclassical light sources [3] [4] [5] [6] [7] [8] [9] [10] [11] playing an essential role in these research directions. Most of these investigations have been performed using weak electromagnetic fields where the interaction can be described by fully quantized theories that treat both the field and the interaction quantum mechanically allowing the field to be affected by the interaction. On the other hand, in the recent past, the interaction of semiconductor crystals with strong electromagnetic fields has attracted keen interest. This is because it combines the advantages of electronics and attosecond physics [12] . The fundamental mechanism underlying such interactions relies on the sublaser-cycle electron dynamics induced in the crystal lattice by the strong field of the driving laser. Untangling this subcycle dynamics led to pioneering discoveries in ultrafast solid-state physics and attosecond optoelectronics [13] [14] [15] [16] [17] . Nevertheless, these studies remain disconnected from the quantum technology roadmap [2], because, due to the high photon number of the driving field, the interaction is described using semiclassical theories treating the driving laser field classically, i.e., without considering its quantum nature, and therefore missing any imprint of the interaction encoded on the quantum state of the light. Here, using a full quantum-optical approach, we reveal the subcycle quantum electrodynamics of the interaction and we show that the quantum state of the light exiting the crystal depicts nonclassical features carrying the subcycle information of the interaction. This has been achieved using the high harmonics (HH) generated by the interaction of crystalline zinc oxide (ZnO) with intense midinfrared (mid-IR) laser pulses.
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According to semiclassical theories [12, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , the generation of HH of order q in the strong-field region relies on a subcycle nonlinear process which is dominated by the dynamics of interband transitions. An intuitive physical picture of the process can be given using the concept of the electron trajectories as is shown in Figs. 1(a) and 1(b). When an intense linearly polarized laser field (with photon energy much lower than the energy band gap of the material) interacts with a crystal, the electron escapes the valence band to the conduction band, it subsequently accelerates in the conduction band (likewise the hole in the valence band) gaining energy from the driving field, and recombines with the hole (in a multicenter recombination process along the crystal lattice) within the same cycle of the driving field. This recombination process generates radiation with frequencies higher than the driving field and, for multicycle interactions, leads to the emission of HH in the visible-UV region. The term "recombination" was used according to the terminology of Refs. [18] [19] [20] [21] [22] [23] 26, 28] .
Although the above theories can sufficiently describe the HH generation process, they do not provide any access to the backaction of the process on the quantum state of the driving laser field.
To unravel the influence of the subcycle nonlinear process on the quantum state of the driving laser field, we have calculated and measured the photon number distribution of the mid-IR laser field exiting the crystal by utilizing the UV-mid-IR anticorrelation approach (named hereafter "quantum spectrometer") that has been demonstrated for gases [29] .
To gain insight on the quantum electrodynamics of the system, we have extended the semiclassical theoretical approach described in Ref. [25] to the quantum-optical regime. The model [Supplemental Material (SM) [30] , Pt. 1] describes in 1D the main features of the interaction using a quantized mid-IR laser field. The Hamiltonian of the interaction in the dipole approximation is
where e and m e are the charge and the mass of the electron and ω L and ω q are the frequencies of the driving laser field and the harmonics, respectively. Electron-electron interactions are neglected. The first and second terms describe the free-quantized mid-IR (single-mode) and HH fields, the third term describes the light-matter coupling [in velocity
with α þ and α being the creation and annihilation operators and V the quantization volume], while the spatial coordinate is introduced in UðrÞ, which describes the lattice periodic potential. The eigenstates of the field-free Hamiltonian were obtained in the form of Bloch states. The undisturbed crystal is assumed to be in thermal equilibrium, while initially the mid-IR field was described by a coherent state, and the HH modes are in their zero-photon states. The time evolution is governed by the von Neumann equation and solved using an appropriate Cash-Karp Runge-Kutta routine. Figure 1 (a) shows a schematic of the interaction. Before the interaction, the laser field is in a coherent state [4, 6] . In the high photon number limit, the photon-number probability distribution of this state (resulted by its projection to the photon number state) has a Gaussian form with its width reflecting the quantum noise of the light. A way to modify the quantum state of the light and its photon-number distribution is to use a process which depends nonlinearly on the instantaneous field amplitude [3, 5, 7, 11, [35] [36] [37] . In our case, the subcycle nonlinear process [ Fig. 1(b) ] which leads to HH generation changes the quantum state of the driving field and results in the generation of nonclassical light states having the photon-number distribution shown in Fig. 1(c) . The properties of this quantum state are shown in phase space by the Wigner function WðaÞ, which, besides the squeezinglike effect, also depicts negative values Its deviation from coherent states clearly depicts the nonclassical character of the light state exiting the medium. (e) Calculated HH spectrum. This spectrum has no distinguishable difference compared to the HH spectrum calculated using the semiclassical version of the theoretical model.
[ Fig. 1(d) ]. The distribution in Fig. 1(c) consists of a series of peaks which correspond to the HH spectrum [ Fig. 1(e) ]. The peak structure appearing in the distribution (P ðabsÞ n ) of Fig. 1(c) is a quantum-optical effect which cannot be explained by semiclassical theories. It results from quantum interference of the mid-IR photons absorbed (with the periodicity of the laser field) towards UV emission and the projection of the final light state (generated with each shot) on photon-number states [35] .
To measure the photon-number distribution, we have used the experimental setup shown in Fig. 2(a) (SM [30] , Pts. 2 and 3). A laser system which delivers few-cycle mid-IR pulses at 100 kHz repetition rate was used [38] . A linearly polarized laser pulse (IR 0 ) of ≈3.1 μm carrier wavelength and ≈75 fs duration was focused into a 500-μm-thick ZnO crystal where harmonics were generated. For the measurement of the mid-IR photon statistics, we have used an IR 0 beam with photon number N IR 0 ≈ 4 × 10 14 photons per pulse and intensity on the crystal of I IR 0 ≈ 5 × 10 11 W cm −2 . The generated harmonic spectrum [ Fig. 2(b) ] was recorded by a conventional spectrometer, while the photomultiplier integrates the photon number of the harmonics generated mainly by interband transitions [20, 21] (i.e., with photon energy >3.2 eV) without excluding the contribution of intraband dynamics in the generation of harmonics with photon energy <3.2 eV.
The mid-IR beam exiting the crystal (IR 1 ), after being attenuated by a factor of A ≈ 3 × 10 5 , was recorded by the photodiode PD s . The signals of PD r (S PDr ), PD s (S PDs ), and photomultiplier (PMT) (S PMT ) were simultaneously recorded for each laser shot. S PDs was used for recording the photon-number distribution of the mid-IR beam exiting the crystal, S PDr for reducing the energy fluctuations of the laser, and S PMT to correlate the harmonic signal with S PDs and remove the unwanted background caused by processes irrelevant to the harmonic generation.
A key step towards the realization of the quantum-optical approach is the verification of the energy conservation and the nonlinearity of the interaction process. This was achieved by measuring the dependence of the missing mid-IR photon number
is the mid-IR photon number exiting the crystal and reaching PD s , respectively) and the generated UV photon number (N HH measured by the PMT) at the exit of the crystal on I IR 0 [ Fig. 2(c) ]. It is evident that both ΔN IR and N HH have the same nonlinear dependence on I IR 0 . After an increase with slope of ≈6 AE 1, they saturate at and N HH originate from the same nonlinear interaction process.
To unravel the influence of the HH generation process on the state of the driving laser field, we have measured the photon-number distribution P n of the mid-IR laser-field (named the "mid-IR harmonic spectrum") utilizing the detector PD s and the "quantum spectrometer" approach [29] . The measured distribution [red line in Fig. 3(a) ] is centered at N Fig. 1(c) . The distribution reveals the HH spectrum as (a) it exhibits a characteristic plateau and cutoff region, (b) the value of Δq measured by the mid-IR harmonic spectrum (SM [30] , Pts. 4 and 5) is in agreement with the value expected from the process leading to the generation of the odd and even harmonics. i.e., Δq ≈ 1, and (c) it is in agreement with the part of the HH spectrum (with q > 4) obtained by the conventional spectrometer [blue filled area in Fig. 3(a) ] taking into account the absorption coefficient (α) of the ZnO crystal [39, 40] [black solid line in Fig. 3(c) ]. The above was confirmed by measurements performed when the ZnO crystal optical axis is perpendicular to the laser polarization [ Fig. 3(b) ]. In this case only the odd harmonics are emitted (SM [30] , Pt. 6) [41] and the measured Δq is found to be ≈2. The latter constitutes the absolute validation check that the mid-IR harmonic spectrum reveals the HH spectrum.
The mid-IR harmonic spectra were used to measure the absorption coefficient of the crystal and determine the contribution of the different mechanisms participating in the HH generation process. Assuming that there are no data available about the absorption coefficient, its values can be obtained by dividing the harmonic signal of the conventional spectra [ Fig. 2(b) and Fig. S5 of SM [30] ] with the corresponding peak-normalized distribution of the mid-IR harmonic spectra, i.e., α ¼ S HH =P n . The results [red points and blue rhombs in Fig. 3(c) ] are found to be in fair agreement with the values obtained by conventional fieldfree approaches [black solid line in Fig. 3(c) ]. The importance of this measurement relies on the capability of the approach to provide direct access to studies of optical properties of solids in the presence of strong fields [42] .
To obtain the information about the mechanisms participating in the harmonic generation process, we compared the mid-IR harmonic spectrum with a conventional harmonic spectrum that has been corrected for the absorption S harmonic spectra with the corresponding harmonic peaks of the conventional spectra (P n =S ðαÞ HH ). While both are in agreement for harmonics with q > 4 (P n =S ðαÞ HH ∼ 1), they depict a distinct difference for harmonics with q < 5 (P n =S ðαÞ HH ∼ 10 −4 ). In this part of the spectrum, P n drops by more than an order of magnitude compared to the plateau harmonics, while S ðαÞ HH in the conventional spectra increases by more than an order of magnitude. This is because the mid-IR harmonic spectrum results from the anticorrelation with the harmonics generated in the nonperturbative regime, a procedure (not achievable by conventional spectrometers) that eliminates the detection of harmonics generated by other processes like multiphoton absorption (SM [30] , Pt. 3). The above is further supported by a recent theoretical model [21] where the harmonic spectra which have been calculated using interband transitions are in fair agreement with the mid-IR harmonic spectra shown in Figs. 3(a) and 3(b) .
In conclusion, we demonstrate that strongly laser-driven semiconductors lead to the generation of nonclassical light states having subcycle electric field fluctuations that carry the information of the subcycle dynamics of the interaction. These states have been used to recover the high-harmonic spectrum, resolve the mechanisms participating in the highharmonic emission, and measure the absorption coefficient of the crystal in the presence of strong laser fields. This work bridges the gap between quantum technology [2] and ultrafast optoelectronics and paves the way for the development of a new class of compact nonclassical light sources advancing studies ranging from quantum communication, information, and computation to high-precision interferometry applied to the detection of gravitational waves [2, 11, 43] . In addition, it opens up new ways for investigating strong-field interactions with other complex systems like molecules [44] [45] [46] [47] , nanostructures [48, 49] , and lower dimensional materials [50, 51] . Charalambidis for fruitful discussions. We also thank N. Papadakis for his technical support on the data analysis. N. T. was the main contributor in the experimental runs and data analysis; S. Kühn, M. D., S. Kahaly, and E. C. contributed to the experiment, data analysis, and manuscript preparation; P. F. and S. V. developed the theoretical model; B. K. was responsible for the operation of the mid-IR laser system; K. V. and I. A. G., contributed to the theoretical description of the HHG process; P. T. conceived and supervised the project, designed the experiment, and contributed to all aspects of the work.
